Trifluoromrtliane is rommonlp called fluoroform after thc corresponding chlorocompound, chloroform. It is also known in the trade as Freon-23 refrigerant, and has various low-temperature applications. For the design of refrigeration units using trifluoromethane it is essential that the physical and thermodynamic properties of the compound be available over the desired ranges. The reported data on trifluoromethane are far from complete and are in some discrepancy among different investigators (1, 2 ) .
The present investigation included determinations of the vapor pressure, saturated liquid density, critical constants, pressure-volume-temperature behavior, and heat capacity a t zero pressure over the desirable ranges.
The sample of trifluoromethane, supplied by E. I. du Pont de Nemours and
Company, was obtained from middle cuts in repeated fractionation processes and was therefore of very high purity. According to du Pont's analysis (3) the liquid phase had a moisture content of 0.0005 wt. %, and the vapor of the cylinder contained 0.021 vol. ' % noncondensables in liquid nitrogen.
EXPERIMENTAL WORK Vapor Pressure
The measurements were made by a static method over the range of 254" to 537"R., which is equivalent to a pressure range of 0.25 to 690 lb./sq. in. abs. Two sets of equipment were designed for different pressure ranges. The low-pressure equipment, shown in Figure I , was used for pressures up to 1.5 atm. abs. and was mostly made of glass. The highpressure equipment, made of steel, as shown in Figure 2 , was used for pressure determinations from 1.5 atni. to the critical point (about 700 Ib./sq. in.).
Trifluoromethane was condensed in the 'isoteniscope a t low temperature after the system had been evacuated down to a pressure of a few microns of mercury with a combination of Hyvac and mercury diffusion pumps. Then the isoteniscope was kept a t constant temperature by submerging it in a constant-temperature bath. The temperature of the bath was measured by a platinum-resistance thermdmeter which had been calibrated by the National Uureau of Standards. The pressure was measured when the equilibrium between the vapor and liquid trifluoromethane was reached. The low- boiling impurities such as air were removed by letting a part of the liquid boil off. The equilibrium pressure was again measured, and the boil off and pressure measurement were repeated until a constant equilibrium pressure was obtained. This coilstant pressure was taken to be the vapor pressure of trifluoromethane at the temperature of the surrounding bath. The pressure in the low-pressure equipment was measured by a mercury manometer, and that in the high-pressure equipment was measured by pressure gauges. The gauges were calibrated against a Mansfield and Green dead-weight, tester before and after each charge of trifluoromethane was made to the isoteniscope.
Saturated liquid Density and Critical Temperature
The saturated liquid density of trifluoromethane was determined from 370" to 538"R. by the method describcd by Benning and McHarness (4) . The technique employed in the measurement mas to find the temperature a t which the dcnsity of the saturated liquid matched that of a precalibrated density float.
The critical temperature was dctermined as the average temperature a t which the liquid meniscus would appear and disappear; it was found to be 538.33"K. for trifluoromethane.
Pressure-Volume-Temperature Behavior
T h e p r cs su r e-v olum e-t e m p e r a t u r e studics were carried out as a series of approximately constant density measurements. The ranges of variables wcre from 400" to 71O"It. in temperature, 1 to 60 lb./cu. ft. in density, and 50 to 2,000 lb./sq. in. abs. pressure. The equipment is sketched in Figure 3 . Trifluoromethane was charged into the steel bomb after it had been evacuated to a pressure of a few microns of mercury. The vapor in the connecting line was recovered into the recovery tube by cooling the latter with liquid nitrogen. The weight of trifluoromethane charged was calculated from the weights of the storage bulb and recovery tube before and after the charging. The whole system was kept submerged in a large constant-tempera- ture bath. The reading on the pressure gauge was taken when the system reached thermal equilibrium with the bath. The corresponding temperature of the bath was measured by the platinum-reaist- ance thermometer. A series of pressure and temperature measurements for one charging of trifluoromethane gives an approximate isometric. (If the bomb were perfectly rigid for all temperatures and pressures, a true isometric would be obtained.) After the isometric had been completed, the trifluoromethane in the system was recovered and replaced in the storage bulb and recovery tube. From the weights of the bulb and the tube before and after the recovery the weight of trifluoromethane recovered from the system is known. The weight of trifluoromethane charged and recovered had to agree within a few hundredths of a per cent or the run was rejected because of apparent leakage. Two steel isometric bombs were used in this work. One, with a volume of about 600 cc., was used for higher density isometrics, and the other, with a volume of about 4,100 cc., was used for lower density runs when the pressure did not exceed 300 lb./sq. in. The volume of each bomb was calibrated carefully by weighing when evacuated and when filled with distilled water. Pressure gauges with suitable ranges were used for measuring all pressures. Each gauge was calibrated against the Mansfield and Green dead-weight gauge tester before and after each isometric run.
RESULTS AND CORRELATIONS

Vapor Pressure
The data are plotted as In P vs. 1/T in Figure 4 and tabulated in Table 1 . The curve shows a definite X shape as emphasized by Thodos (5). For this reason the simple Clausius-Clapeyron equation, the Antoine equation (6), or even the Kirchoff-Rankine-Dupr6 equation (7, 8) would not give satisfactory representations of the data, since the inflection of the curve is not predicted by these algebraic forms. It was concluded that at least one more term must be added to modify the Kirchoff-Rankine- with P in pounds per square inch absolute and T in degrees Rankine satisfactorily represents both the data and the general characteristics of the vapor-pressure behavior over this wide range. The average deviation between the equation and the data is 0.19%, and the maximum deviation is 0.58y0 and occurs at the lowest pressure.
Saturated Liquid Density and Critical Constants
The data on saturated liquid densities were corrected for thermal expansion of the density float. The data are presented in Table 2 and plotted in Figure 5 as given by Guygenheim (9) yields an equation for the saturated liquid density of the form
With a parametric power of n replacing in the second term, the correlation was not significantly improved. One way of generalizing Equation (4) is to con-
or in a power series form, It is readily seen that a , must be identical with the critical density. Equation (4) may be considered as a sort of special case of Equation (6) Equation (7) represents the data with an average deviation of 0.24y0 and a maximum deviation of 0.67%. The use of more terms after u4 in Equation (6) may be justified for more precise work.
The critical temperature of trifluoromethane was found to be 538.33"R. Inserting this value into the vaporpressure equation (11, from the rectilinear diagrtini tlcscribed in the following section.
Pressure-Volume-Temperature Behavior
The data were corrected for thc espansion of the density bombs, the mercury, and the oil in the whole equipment and tlicn adjustcd ,to true isomctrics graphically with the aid of an approsiinate pressure-volume plot. The :idjustcd data were tabulated ( Table 3) and then plotted 3s isometric curves in the pressure-temperature plane in Figure 6 and as compressibility curvcs in Figure 7 . The isometric curves were cstrapolated to intersect the v:~por-pressure curve on the pressure-tempcrature diagram. The points of intersection gave the s:tturation temperatures for various vapor dcnsities. These saturated vapor densities together with the sntnrated liquid density were plotted as temperature vs. density in Figure 5 . The rectilinear diameter (avcrage of saturated liquid and vapor densities) mas constructed and appeared to be str:Light within the precision of the data. Tlie critical density mas determined from this diagram as 32.776 lb./cu. ft., with no greater precision than 0.05 Ib./cu. ft. Tlie adjusted PVT data were then correlated with the generalized equation of state developed by Martin and Hou (10) . A slight modification was made to the orginal equation by adding one more condition to improve it in the highdensity liquid region. This was done by including a Cs term and recognizing the fact that the isometric curve of trifluoromethane is practically straight a t about twice the critical density ( Figure 6 ). It was found for trifiuoromethane that the condition of (dzP/dTz), = 0 a t V = VJ2.1 gave the best representation of the data. The equation of state has the form 
Since sufficient data were taken in this investigation, the values estimated from the generalized correlations of certain 
Heat Capacity at Zero Pressure
The heat capacities of trifluoromethane a t zero pressure were calculated for the range of 250" to 800"R. from the spectroscopic data reported in the literature. Among the various sets of assignments of fundamental vibrational frequencies given by different investigators ( 1 2 , to 17), the infrared frequencies reported by Plyler and Benedict (15) 
The method of evaluating the harmonic vibrational contribution by the use of statistical mechanics is outlined by Wenner (18) . The anharmonic contribution for this compound was arbitrarily estimated to be 0.75% of the harmonic contribution a t 800"R. and 0.3y0 a t 250"R. and was assumed to vary linearly with temperature in this range. The zeropressure heat capacity a t any temperature is the sum of the contributions due to harmonic and anharmonic vibrations and t o translation and rotation. The results of adding the various contributions were represented by the equation C," = 7.327 -529.47 X 10-6T + 27.35341 X 10-'T2 (9) -0.017189 X 10-'T3B.t.u. /(lb .-mole) (OR.) where T is in OR.
The cubic form of the equation was found desirable because the temperature range included the region where the heatcapacity curve shows a reversal of curvature. Table 4 gives a summary of the calculated heat capacities, which are represented by Equation (9) within a maximum deviation of 0.3%.
by different investigators ( I , 2, 19) ; however the disagreement between the earlier workers themselves is even greater. The purity of the trifluoromethane sample could be the factor that accounts for most of the discrepancies between all investigators.
The vapor pressures in the low-temperature region showed the slope of the curve of In P vs. 1/T t o be numerically smaller than that given by Ruff et al. (1) . As a result the normal boiling point given by Ruff et al. is -84.4"C. instead of -81.8"C. from this investigation. Seger (2) estimated the normal boiling point t o be -90°C.
The critical constants are compared with those of the other investigators in Table 5 . It is apparent that the most significant discrepancy is in the critical temperature.
The internal consistency of the PVT data taken in this investigation is shown clearly by the smoothness of the curves in Figures 6 and 7 . Unfortunately there are no published data with which to compare the PVT data taken in this work.
The statistical mechanical method of calculation of the heat capacity a t zero pressure from the infrared arid Raman frequencies is generally very satisfactory, if the fundamentals can be identified and the anharmonic effect is negligible. The assumptions made in this investigation on anharmonic contributions can be tested only when accurate calorimetric data are takcn on the heat capacity. On the basis of other compounds it is believed that the final values of the heat capacity are probably not more than
The properties needed for evaluation of thermodynamic functions such as enthalpy and entropy have been determined in this investigation and represented in analytical form. The heat of vaporization can be calculated by using the Clapeyron equation with the vapor pressure and saturated liquid and vapor densities. The changes of enthalpy and entropy between any two gas states can be evaluated from the following formulas, derived for these thermodynamic properties : in error. C k -k T p 3
These equations require only the PVT relation and the heat capacity equation.
The data obtained in this investigation With a modern automatic calculating machine a table of enthalpy and entropy
DISCUSSION
do not agree too well with those reported values can therefore be easily evaluated from the information presented here.
